Fast neurotransmission in the brain is typically mediated by local actions of transmitters at ionotropic receptors within synaptic contacts. Recent studies now reveal that, in addition to point-to-point signaling, amino-acid transmitters mediate diffuse signaling at extrasynaptic metabotropic receptors.
In the mammalian brain, excitatory and inhibitory neurotransmission are mediated by the transmitters glutamate and γ-aminobutyric acid (GABA), respectively. Fast signaling between neurons occurs at specialized synaptic contacts formed between the axons of presynaptic cells and the soma or dendrites of postsynaptic target neurons. The narrow width of the synaptic cleft (~50 nm) ensures that transmitters reach receptors quickly and at high concentrations. The lifetime of transmitter action at excitatory and inhibitory synapses is governed by a combination of diffusion of transmitter molecules away from receptors in the postsynaptic region, and uptake of transmitter molecules by specific transporters in neuronal and glial membranes. This anatomical arrangement is optimal for rapid, point-topoint signaling that occurs on the millisecond timescale. However, several recent studies [1] [2] [3] have now provided evidence that both GABA and glutamate mediate diffuse signaling at sites that are remote from synaptic contacts.
GABA mediates fast inhibitory transmission via the activation of ionotropic GABA A receptors (Figure 1 ). The chloride conductance of GABA A receptors generates a hyperpolarization in the postsynaptic target cell. GABA also binds a second class of G-protein-coupled receptors, the GABA B receptors, which hyperpolarize neurons by activating inwardly-rectifying potassium channels. One approach to understanding the physiological role of GABAergic inhibition is to record from synapticallycoupled pairs of neurons. In the hippocampus, dual electrophysiological recordings of GABAergic interneurons and their postsynaptic target cells -pyramidal neurons -have shown that single interneurons exert powerful inhibitory actions on the excitability of individual pyramidal cells [4] . But these actions are mediated entirely by GABA A receptors. GABA B receptor activation has been difficult to detect in pairs of interneurons and pyramidal cells [5] . Furthermore, GABA B -mediated postsynaptic responses are generally only evoked by strong extracellular activation of inhibitory axons, which has led to the proposal that coordinated release from many interneurons is necessary to activate GABA B receptors [6, 7] .
Scanziani [1] has recently investigated the factors determining the synaptic activation of GABA B receptors, using paired recordings of interneurons and pyramidal cells in cultured hippocampal slices. Trains of action potentials in the presynaptic interneuron evoked fast inhibitory postsynaptic currents in synaptically-coupled pyramidal cells that were entirely blocked by bicuculline, a GABA A receptor antagonist. However, the subsequent application of a GABA uptake blocker, tiagabine, revealed a slow inhibitory postsynaptic current, and this remaining slow synaptic current was abolished by a GABA B receptor antagonist. The simplest explanation for this result is that GABA B receptors are located at some distance from the synapse -where GABA A receptors are concentratedand that GABA uptake normally prevents the transmitter from reaching these extrasynaptic receptors.
If GABA diffuses far from the synaptic cleft, another possibility is that GABA B receptors might be activated on a pyramidal cell as a result of GABA release from nerve terminals that make synaptic contacts onto other neighboring cells. Indeed, this 'paracrine' action was observed using cell pairs where the inhibitory interneuron did not make synaptic contacts with a pyramidal cell -as revealed by the lack of a GABA A inhibitory postsynaptic current. In these seemingly silent interneuron/pyramidal pairs, the addition of the GABA uptake inhibitor led to a pronounced GABA B inhibitory postsynaptic current in response to a train of action potentials. Taken together, these results suggest that GABA B receptors are located at extrasynaptic locations and that activation of these receptors is under the tight control of GABA uptake mechanisms (Figure 1 ).
In addition to their postsynaptic actions, many neurotransmitters and their agonists have powerful -typically inhibitory -presynaptic effects. For example, GABA B agonists inhibit excitatory transmission through presynaptic receptors on excitatory afferent terminals in the hippocampus. Presynaptic inhibition is likely governed by G-proteinmediated inhibition of the calcium channels underlying transmitter release and/or direct modulation of the exocytotic apparatus. However, anatomical studies of the brain have rarely observed axo-axonic synapses on presynaptic terminals. Given this constraint, would GABA ever have access to presynaptic receptors on excitatory nerve endings? An important feature of GABA B receptors is that they have a much higher sensitivity to GABA (EC 50 about 1 µM) than GABA A receptors (EC 50 about 25 µM) [8] . The high sensitivity to GABA makes GABA B receptors ideally suited to sensing low concentrations of extrasynaptic GABA. A physiological role for presynaptic GABA B receptors has been described in the hippocampus [7] and cerebellum [9] . In these studies, extracellular stimulation of inhibitory nerve fibers caused a heterosynaptic depression of nearby excitatory inputs. This effect was blocked by GABA B receptor antagonists and facilitated by GABA uptake blockers. Thus, GABA 'spillover' underlies both the presynaptic and postsynaptic activation of GABA B receptors.
Two recent studies [2, 3] have now addressed the issue of whether glutamate spillover from excitatory terminals can affect inhibitory synaptic transmission. Both studies focussed on whether synaptically-released glutamate could activate presynaptic receptors on the nerve terminals of inhibitory neurons. While glutamate mediates excitatory transmission via activation of ionotropic glutamate receptors of the AMPA, NMDA and kainate classes, it also activates high-affinity, G-protein-coupled metabotropic receptors (mGluRs). Semyanov and Kullmann [2] found that, although application of group III mGluR agonists had relatively little effect on synaptic responses recorded from pyramidal neurons, it caused a marked depression of GABA A -mediated inhibitory postsynaptic currents in hippocampal interneurons. Similar to the approach mentioned above, a physiological role for presynaptic mGluRs was derived by stimulating two independent, but overlapping, sets of nerve fibers. Extracellular stimulation of excitatory afferents caused a heterosynaptic depression of inhibitory postsynaptic currents recorded in interneurons. This heterosynaptic depression was facilitated by glutamate uptake blockers and abolished by mGluR antagonists.
In a related study, Mitchell and Silver [3] studied glutamate spillover onto inhibitory nerve endings in cerebellar brain slices. They examined heterosynaptic transmission in cerebellar glomeruli, structures in which GABA-releasing terminals of Golgi cells and glutamatergic mossy fiber terminals are in close apposition and make axo-dendritic synapses onto granule cells. They found that trains of mossy fiber action potentials caused a presynaptic depression of Golgi cell inhibition of granule cells. The degree of depression was dependent upon the frequency and duration of mossy fiber stimulation. As in the hippocampus, this effect was abolished by mGluR antagonists.
Diffuse actions of glutamate have previously been found to mediate presynaptic inhibition at excitatory synapses formed between mossy fibers and CA3 pyramidal cells in the hippocampus [10, 11] . This autoinhibition required high-frequency activation of nerve endings and was enhanced following blockade of glutamate uptake. The simplest interpretation is that mGluRs are not present in the synaptic cleft, rather they are located at a site on the nerve terminal away from the site of transmitter release (Figure 1 ). To activate perisynaptic mGluRs, glutamate must spread outside the synaptic cleft.
A common conclusion in all of these studies is that extrasynaptic, G-protein-coupled receptors provide a mechanism for sensing global activity in neural circuits. In the hippocampus, presynaptic and postsynaptic GABA B receptor activation requires pooling of GABA at sufficiently high concentrations to overcome diffusion and uptake. Synchronous activity in large populations of neurons occurs in the hippocampus in vivo and may be related to specific behavioral states. Indeed, Scanziani [1] found that postsynaptic GABA B receptors are activated during pharmacologically-induced rhythmic activity in hippocampal slices. The extensive network of synaptic connections between hippocampal interneurons also seems a likely target for glutamate spillover.
The work of Semyanov and Kullmann [2] suggests that increases in ambient levels of glutamate would disinhibit synaptically-coupled interneurons. The net result would be an increased inhibitory drive to principal neurons. The failure of a mechanism such as this could play a role in the GABA and glutamate mediate fast inhibitory and excitatory transmission via synaptic GABA A and ionotropic AMPA/NMDA receptors (iGluRs), respectively. Recent studies reveal that spillover of synaptic GABA activates metabotropic GABA B receptors on dendrites and excitatory nerve endings. Conversely, synaptically-released glutamate diffuses to inhibitory nerve terminals where it inhibits GABA release via metabotropic glutamate receptors (mGluRs).
initiation of epileptic seizures. Finally, the spillovermediated disinhibition of granule cells in the cerebellum would serve to boost the efficacy of active mossy fibers. This would serve to increase the contrast between inputs that fire at different rates and ultimately could play a role in the processing of movement-related information.
